Aims/hypothesis It is widely accepted that production of insulin, glucagon, somatostatin and pancreatic polypeptide in islet cells is specific to beta, alpha, delta and pancreatic polypeptide cells, respectively. We examined whether beta cells express other genes encoding islet hormones. Methods Nested RT-PCR was performed on single beta cells of transgenic mice with green fluorescent protein (GFP) driven by mouse insulin I promoter (MIP-GFP). Results Only 55% of adult beta cells expressed the insulin gene alone, while others expressed two or more islet hormone genes; 4% expressed all four hormone genes. In embryonic and neonatal cells, 60% to 80% of GFP + cells coexpressed pancreatic polypeptide and insulin genes in contrast to 29% in adult. To clarify cell fate, we conducted lineage tracing using rat insulin II promoter-cre mice crossed with reporter mice Gt(ROSA)26Sor-loxP-flanked STOP-cassette-GFP. All GFP + cells expressed insulin I and II genes, and showed similar heterogeneity of co-expression to that seen in MIP-GFP mice. Although we report expression of other hormone genes in a significant proportion of beta cells, our lineage tracing results demonstrate that after inducing InsII (also known as Ins2) expression, beta cell progenitors do not redifferentiate to non-beta cells.
Introduction
Pancreatic islets have four major types of endocrine cells, those that produce glucagon (alpha cells), insulin (beta cells), somatostatin (delta cells) and pancreatic polypeptide. There has been considerable interest in the heterogeneity of beta cells on a functional level, particularly with insulin secretion [1] [2] [3] [4] [5] [6] [7] , but heterogeneity of gene expression has received less attention. Previous studies in a variety of species have shown endocrine cells expressing more than one islet hormone gene as islets develop in the fetal state or during neogenesis [8] [9] [10] [11] [12] [13] . There are a few examples of beta cells in adult islets with multiple islet hormones by immunostaining. One study found cells double-stained for insulin and somatostatin in an adult mouse model of islet regeneration [14] . With a single-cell gene-profiling method using cDNA amplification and microarray detection on 13 single adult mouse islet cells, Chiang and Melton found one co-expressed insulin, glucagon and pancreatic polypeptide genes and six other cells co-expressed combinations of glucagon, somatostatin and pancreatic polypeptide genes; the other six cells expressed only the insulin gene [13] . To address whether the co-expression of multiple hormone genes in beta cells is a rare event or the norm, and whether it is influenced by developmental stage, we determined the frequency of heterogeneous gene expression in single beta cells from adult, neonatal and fetal mice.
The requirements for such experiments are a good cell separation technique and a sensitive method for measuring gene expression. Flow cytometry has been used with dispersed rat islet cells to obtain beta cell populations that are over 90% pure [15, 16] . Sorting criteria include cell size, cell granularity and autofluorescence. Separation of beta cells using the somewhat specific surface marker neural cell adhesion molecule, did not lead to higher purity [17] . Infection of islets with adenovirus producing green fluorescent protein (GFP) under the control of rat insulin promoter led to more than 95% purity [18] , but this approach has the drawback of viral toxicity. This problem can be avoided by using transgenic mice with GFP driven by the mouse insulin I promoter (MIP-GFP) [19] . Noting the demonstration of heterogeneity of gene expression in seemingly homogenous, morphologically defined neural cells [20, 21] , we wondered about the possibility of similar findings in beta cells. Using single-cell nested PCR for the amplification of cDNAs, which provides both sensitivity and specificity [22] , we found that a large proportion of the beta cells in adult, neonatal and fetal mice expressed multiple islet hormone genes.
Further information about the lineage of these single cells was obtained by the Cre-loxP system [23] . B6.Cg-Tg (Ins2-cre)25Mgn/J (rInsII-cre) mice [24] produce Cre recombinase controlled by a short fragment of the rat insulin II gene promoter. By crossing these rInsII-cre mice with B6;129-Gt(ROSA)26Sor tm2Sho /J (ROSA-loxP-stoploxP-GFP) mice [25] , mice were generated in which cells were marked when the insulin promoter is activated. Analysis of these mice demonstrated that cells that were marked upon induction of InsII (also known as Ins2) expression faithfully maintained their differentiated phenotype, even when some of these cells co-expressed other endocrine hormone genes.
Methods
Islets isolation and dispersion From adult (16-24 weeks old) mice, islets were isolated with collagenase digestion followed by separation with a density gradient, as described previously [26] . After washing, islets were handpicked and immediately dispersed. After washing three times with sterile calcium and magnesium-free PBS, islets were dispersed for 15 min at 37°C in the same buffer containing 1 mg/ml bovine pancreas trypsin (Sigma-Aldrich, St Louis, MO, USA) and 30 μg/ml DNase1 (Roche, Basel Schweiz), being vortexed for 10 s every 5 min. After washing once with RPMI 1640 containing 10% (vol./vol.) fetal bovine serum, cells were centrifuged at 250 g and resuspended in less than 1 ml PBS. Cells were then filtered through a 40 μm filter and stained with propidium iodide (Sigma-Aldrich) prior to cell sorting.
At 15.5 days of gestation (E15.5) or at postnatal day 1 (P1) embryos or neonates respectively were killed by decapitation. Pancreases were removed and minced with a razor blade; the tissue was digested with Liberase for approximately 20 min at 37°C, washed three times with calcium and magnesium-free PBS, and dispersed as above. All procedures on mice were approved by the Institutional Committee on Research Animal Care of the Joslin Diabetes Center.
Cell sorting Propidium iodide was used for exclusion of dead cells. All samples were analysed on a MoFlo cell sorter with Summit software (Cytomation, Fort Collins, CO, USA). For analysis of islet cells from MIP-GFP mice, the GFP signal was so strong that the neutral density filter was used to reduce brightness.
Analysis of gene expression from total RNA Double-sorted cells from each population were collected into Trizol (Invitrogen, Carlsbad, CA, USA) and total RNA was extracted following the manufacturer's protocol. First-strand cDNA was synthesised from 500 ng RNA by using a first-strand synthesis system for RT-PCR (SuperScript 3; Invitrogen) according to the manufacturer's protocol. All PCR reactions were performed using 35 cycles at 94°C for 60 s, 60°C for 60 s and 72°C for 60 s with gene-specific primers.
Single-cell nested RT-PCR Multiplex single-cell nested RT-PCR analysis was performed according to the method of Miyamoto et al. [27] 
Results

FCM sorting of GFP
+ cells from adult MIP-GFP mice Dispersed islet cells from adult (16-24 week) MIP-GFP mice were sorted using three gates: the first for size and granule-density estimated by forward scatter (FSC) and side scatter, respectively. Beta cells are large and have moderate to high granular density. The second gate employed pulse width and was used to exclude doublets or other cell clusters. The third gate was for GFP and propidium iodide to exclude GFP negative cells and dead cells. By FCM analysis, two populations of GFP + cells (GFP-medium and GFP-high) could be observed (Fig. 1a-c) . We determined the percentage of beta cells in these GFP + cells by immunostaining with anti-insulin antibody (ESM Methods), finding that 100% of 300 double-sorted GFP + cells were stained for insulin. These data indicate that the doublesorted GFP + cells were pure beta cells. To determine the possible presence of cell doublets or clusters in GFP-high population, we estimated cell size and granule-density between these two populations by FSC and side scatter, respectively and found no difference (ESM Fig. 1 ). The FSC histogram of each population had only one peak, indicating that cells in each of these two populations had similar size and granule-density. Furthermore, there were no differences in the gene expression pattern of islet hormones between these two populations as determined by single-cell nested RT-PCR analysis (ESM Tables 2 and  3) . Therefore, propidium iodide-negative and GFP + populations were combined to obtain living InsI (also known as (Fig. 1b) . After the first sort, the purity of GFP + cells was 91% (Fig. 1b) , increasing to 98% with the second sorting (Fig. 1c) .
Gene expression analysis of pooled GFP
+ cells FCMsorted from adult MIP-GFP mouse islets Initially, gene expression of a variety of islet-affiliated genes was determined for this population by conventional RT-PCR. As expected, GFP + cells sorted from adult MIP-GFP mice expressed both InsI and InsII, as well as Pdx1 and Neurod1 (Fig. 1d) . Surprisingly, glucagon, somatostatin and pancreatic polypeptide genes were also expressed in the pooled RNA from these double-sorted GFP + cells (Fig. 1d ).
Establishment of single-cell nested RT-PCR analysis method in pancreatic beta cells Single-cell nested RT-PCR analysis is a well established technique for studying haemopoietic cells [27] , so we applied this to beta cells. With nested PCR [22] , mRNA of sorted single cells can be amplified for visualisation after a second PCR. We designed the primers for single-cell nested RT-PCR in different exons to distinguish the PCR products from mRNA from genomic DNA (ESM Table 1 ). cDNAs from whole islets, used as positive controls, gave correct PCR products for all genes examined. To certify that the FCMsorted cells were truly single and GFP + , we sorted GFP + cells from MIP-GFP mice into 96-well plates at a ratio of one cell per well and examined them by bright field and fluorescence microscopy. We did not find any doublets, aggregates or GFP − cells in a total of 228 FCM-sorted cells.
Even if some sorted cells were, in fact, aggregates, their frequency in the FCM-sorted cell group must have been very rare (less than 0.44% or 1/228). The contamination of GFP − cells must have been similarly rare (less than 0.44% or 1/228). We also examined the possibility that the dispersion process might lead to release of RNA that could adhere to the surface of or be endocytosed into beta cells to create an artefact. No islet hormone mRNA contamination was detected using single-cell nested RT-PCR on RNA from sorted GFP + splenocytes of chicken beta-actin promoterdriven enhanced GFP (C57BL/6-Tg[ACTB-EGFP]1
Osb /J) transgenic mice that had been dispersed with islets from wild-type C57/BL/6J mice (ESM, Results). Furthermore, Next, we estimated the sensitivity of the single-cell nested RT-PCR analysis using template cDNA, the copy number of which was known. The system for InsI used in this study is sensitive enough to detect at least ten copies of cDNA, while those for Gcg, Sst and Ppy can detect one copy (ESM, Results).
Single-cell nested RT-PCR analysis of adult pancreatic beta cell from MIP-GFP Single-cell nested RT-PCR analysis revealed that all double-sorted GFP + single cells of adult (16-24 week), P1 neonatal and E15.5 embryonic MIP-GFP mice expressed InsI (Fig. 2a, b , Tables 1, 2 and 3) , which confirms the complete (100%) purity of double-sorted single cells from these mice. Mouse beta cells express two non-allelic insulin genes, insulin I and II, both of which make important contributions to insulin synthesis and secretion [28] . Although expression of insulin I gene is restricted to rodent beta cells, InsII mRNA can also be found in brain, thymus, fetal liver and yolk sac [29] [30] [31] . A histological study has shown that both proinsulin genes were co-expressed in all beta cells of normal rat pancreas [32] . In our analysis, all insulin I gene-expressing cells from MIP-GFP mice co-expressed InsII (Fig. 2b , Tables 1,  2 and 3 ). In addition, expression of Pdx1 and Neurod1 was found in every sorted GFP + cell, further supporting the concept that they are all true beta cells (Fig. 2b, Table 3 ). Pdx1 is expressed in beta cells and pancreatic ducts [33] ; Neurod1 is expressed in beta cells and some alpha cells [34] .
By nested RT-PCR, 55% of single GFP + cells from adult MIP-GFP mice expressed insulin gene without other hormone genes, while 45% co-expressed two or more islet hormone genes. (Fig. 2a , Tables 1 and 2 ). It must be emphasised that with immunostaining of pancreatic sections of adult or neonatal pancreas of MIP-GFP mice, islet hormone proteins did not colocalise with insulin (data not shown), as has been found by many others. In aliquots of double-sorted GFP + cells immunostained with anti-insulin, anti-glucagon, antisomatostatin or anti-pancreatic polypeptide antibodies separately, all cells stained for insulin were positive for À5 times lower than those in true alpha, delta and pancreatic polypeptide cells, respectively (ESM, Results). Therefore, in beta cells the expression of islet hormone mRNA other than insulin is extremely low and not meaningful for hormone production.
Developmental effect on proportion of cells expressing multiple islet hormone genes To determine the impact of developmental stage on multiple islet hormone gene expression in beta cells, we performed single-cell nested RT-PCR on GFP + cells from P1 neonatal and E15.5 embryonic pancreas of MIP-GFP mice (Tables 1 and 2 ). The percentages of Ins + Gcg + in GFP + cells in P1 and E15.5 mice were 10% and 13%, respectively, similar to those in adult mice (11%). In contrast, the percentages of Ins + Sst + in GFP + cells in P1 and E15.5 mice were 12% and 13%, respectively, less than half of those in adult mice (29%). Notably, 80% of GFP + cells in P1 and 62% in E15.5 expressed pancreatic polypeptide gene in addition to insulin gene (in contrast to only about 29% in adult mice). Of these, 64% in P1 and 47% in E15.5 expressed only pancreatic polypeptide and insulin genes with no other islet hormone (vs 10% in adult animals). Only 1% of GFP + cells in P1 and 3% in E15.5 expressed all four islet hormone genes.
To estimate the immaturity of individual beta cells, we determined Neurog3 and Pax4 gene expression using single-cell nested RT-PCR (Tables 4 and 5 ). Previous reports indicate that pancreatic beta cells are differentiated from Neurog3 + cells [35] and Pax4 + cells [36] . Thus, insulin gene-expressing cells that co-express Neurog3 or Pax4 gene could be assumed to be more immature than those do not express these genes. In E15. 5 
Pax4
− cells (Tables 6 and 7) .
Lineage tracing: rInsII-cre: ROSA-loxP-stop-loxP-GFP mice To clarify whether the multiple hormone-expressing beta cells that we detected in MIP-GFP mice differentiate to the other type of pancreatic cells, we performed lineagetracing analysis using adult rInsII-cre: ROSA-loxP-stoploxP-GFP mice. We FCM-sorted GFP-producing cells from these adult islets by gating propidium iodide-negative, GFP + cells (Fig. 3a, b) . All GFP + cells expressed not only InsII but also InsI, Pdx1 and Neurod1 genes (Fig. 3d,  Table 8 ). Therefore, all the cells marked by GFP appeared to be true beta cells. Moreover, 45% of the sorted cells expressed only insulin gene without other islet hormone (Fig. 3c, Tables 9 and 10 ). These proportions of islet hormone gene-expressing cells were quite similar to those of adult MIP-GFP mice.
Discussion
We performed islet hormone gene profiling to determine the heterogeneity of gene expression of single beta cells and found a significant proportion of adult, neonatal and fetal beta cells co-expressing insulin and one or more other islet hormone genes. We ruled out that this was an artefact due to the presence of cell doublets, aggregates or contamination from GFP − non-beta cells. By FCM analysis, two populations of GFP + cells (GFP-medium and GFP-high) were observed in islet cells from MIP-GFP mice. All cells of these two populations were single cells and stained with anti-insulin antibody; there were no differences in the gene expression pattern of islet hormones between the two populations as determined by single-cell analysis. Therefore, both GFP + populations were combined to obtain the pure beta cells used in this study. In these two populations, the InsI mRNA expression levels by quantitative RT-PCR were almost the same. One explanation could be that the insulin promoter may be differentially active in these two populations and that differences in the stability of GFP protein and insulin mRNA (e.g. much longer half-life of insulin mRNA than that of GFP protein) could account for the differences in GFP intensity seen in these populations without any change in insulin message.
Additionally, the use of rInsII-cre: ROSA-loxP-stoploxP-GFP mice led to the novel demonstration that once cells were marked by insulin II promoter expression, they did not deviate from the path of becoming beta cells, even though some of them expressed multiple other islet hormone genes. All beta cells of MIP-GFP and rInsII-cre: (62) 100 (62) 13 (8) 13 (9) 60 (37) 100 (62) 62 Pax4 + 100 (37) 100 (37) 11 (4) 14 (5) 65 (24) 100 (37) 37 Pax4 − 100 (33) 100 (33) 15 (5) 12 (4) 58 (19) 100 (33) 33 Total 100 (70) 100 (70) 13 (9) 13 (9) 62 (43) 100 (70) 70 a % is percentage of cells expressing gene indicated, with or without the other genes listed, vs total sorted cells in each category; n is number of cells Table 7 Heterogeneity of islet hormone genes expression in single beta cells from E15.5 embryonic MIP-GFP mice categorised by expression of Neurog3 and Pax4: gene expression pattern in each category (19) 27 (10) 34 (11) 30 (21) (28) 51 (19) 42 (14) 47 (33) 
100 (8) 100 (62) 100 (37) 100 (33) 100 (70) a % is percentage of cells showing the indicated gene expression pattern in each category vs total sorted cells in each category; n is number of cells ROSA-loxP-stop-loxP-GFP mice co-expressed insulin I and II genes, which supports the previous immunostaining findings of Blume et al [32] . Interestingly, the pattern of coexpression of multiple hormone genes in adult and embryonic or neonatal beta cells differed, with embryonic and neonatal cells expressing pancreatic polypeptide gene much more frequently. As described in the introduction, Chiang and Melton found co-expression of more than one islet hormone gene in a small number of single cells [13] . Our findings from 750 single adult beta cells from MIP-GFP and rInsII-cre: ROSA-loxP-stop-loxP-GFP mice demonstrate that the heterogeneity of islet hormone gene expression at the level of single beta cells is the norm and not an artefact of the experimental system, thus extending the preliminary observation of Chiang and Melton. We cannot exclude the possibility that transgene expression in the beta cells of our two models could have influenced these very low levels of gene expression.
Possible explanations for the finding that beta cells expressed multiple islet hormone genes are that the low level of expression of these non-insulin hormone mRNAs: (1) could be a developmental residual of their earlier high expression in beta cell precursors; (2) may reflect the existence of more than one developmental pathway for beta cells, one giving rise to cells expressing only insulin gene and another to those with insulin and other hormone genes; and (3) may be unrelated to development, resulting instead from escape from restrained expression due to some environmental factor. While the low-level expression of these hormone genes in the beta cells could be non-specific noise due to the extreme sensitivity of the technique, the lack of similar expression in control B-lymphocytes indicates that this low-level transcription is a specific, reproducible finding.
The heterogeneity of islet hormone gene expression could be related to the heterogeneity of function found in adult beta cells. Functional heterogeneity of beta cells has been reported with individual beta cells having different thresholds for glucose-stimulated insulin secretion [37, 38] . This cellular heterogeneity may extend to the redox state [4] , the threshold for glucose-induced biosynthesis of proinsulin [37] and glucose-induced changes in cytoplasmic free calcium concentrations [39] . A population of dispersed adult rat beta cells that do not respond to glucose has been consistently reported as 10% to 30% of the total [5, 37, 38] . One can speculate that these unresponsive beta cells may be immature, since fetal and neonatal islets lack glucosestimulated insulin secretion [40] .
The concept that beta cell precursors express multiple islet hormone genes is supported by findings of co-staining of insulin and non-insulin islet hormones by immunostaining and gene expression during development [8] [9] [10] [11] [12] [13] , but what are the implications of these findings? In the haemopoietic system, it has been shown that genes related to multiple lineages are promiscuously expressed preceding commitment [41] [42] [43] [44] and that cells with lineagepromiscuous expression contribute to multi-lineage haemopoiesis [27] . Similar promiscuity may occur during islet development [13] . Herrera et al. performed studies of the ontogenetic relationships between the different types of endocrine cells in the islets of Langerhans by generating transgenic mouse embryos, in which cells transcribing glucagon, insulin or pancreatic polypeptide genes were destroyed through the promoter-targeted production of the diphtheria toxin A chain [45] . They concluded that neither glucagon nor insulin gene-expressing cells were essential for the differentiation of the other islet cell types; thus, their results are incompatible with a model of islet development in which cells co-expressing glucagon and insulin gene would be precursors to all islet cells. However, pancreatic polypeptide gene-expressing cells were necessary for the differentiation of beta and delta cells, either because they produced an essential paracrine or endocrine factor, and/or because of a cell-lineage relationship [45, 46] . Furthermore, in order to discriminate between these possibilities, Herrera et al. performed lineage tracing studies and found adult glucagon (alpha) and insulin (beta) cells were derived from cells that had never transcribed the other hormone gene, a finding that confirmed alpha and beta cell lineages to be independent during ontogeny [47, 48] . They also showed that insulin (beta) cell progenitors, but not glucagon (alpha) cell progenitors, transcribed the pancreatic polypeptide gene.
Our data support the hypothesis that expression of pancreatic polypeptide mRNA is a marker of young beta cells since, in the embryo, the proportion of Ppy + cells in Ins
+
Neurog3
+ or Ins + Pax4 + cells was slightly higher than in Ins
+
Neurog3
− or Ins + Pax4 − cells. However, our data, which showed the co-expression of multiple islet hormone genes, appear to be inconsistent with the model of independent alpha and beta cell lineages suggested by Herrera's data. Because our beta cells had very low expression of other hormone mRNAs, it is possible that in the glucagon promoter-dependent lineage tracing approach, the production level of either diphtheria toxin A chain or Cre recombinase was insufficient in the beta cells. Also contradictory to the Herrera data is the immunostaining finding that a number of adult islet cells produced both glucagon and pancreatic polypeptide [13] .
In conclusion, we found heterogeneity in expression of multiple islet hormone genes in pancreatic beta cells from adult as well as from neonatal and embryonic mice. Coexpression of multiple hormone genes in single cells has been reported at various stages of development as well as under different experimental conditions, raising the possibility of a link between heterogeneity in gene expression and beta cell progenitors expressing multiple islet hormone genes. Similarly, this heterogeneity in gene expression may be linked with observed functional heterogeneity in beta cells. We suggest that analysis of heterogeneity in gene expression may provide the means to characterise the functional, cellular and developmental heterogeneity seen in beta cells.
